PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 

Internaucnal Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 

C30B 15/00, 33/00, 29/06 



: Al 



(11) International Publication Number: 
i43) International Publication Date: 



WO 98/45508 

15 October 1998 (i5.I0.98) ! 



21) International Application Number: PCX US 98,07304 j (81) Designated States: CN, JP. KR, SG. Eurccean patent (AT BE 

. . IC ,. ^ ! CH, CY, DE. DK. ES. FT, FR. GB, GR, IE, IT, LU. MC, 

, (22) Intemationai Filing Date: 9 Acni 1998 09.04.98) | NL, PT. SE;. 



i (30) Priority Data: 

60,041.845 

i 



9 Acni 199^ ;09.j4.9T 



Published 



US 



! (71) Applicant: MEMC ELECTRONIC MATERIALS. INC. 

[US/US]; 501 Pearl Drive. P.O. Box 8, St. Peters. MO 
63376 XS 

{72) Inventors: FALSTER. Rober; Via Caraoosso, 11, 1-20 123 
Miiano (IT;. MARKGRAF, Steve. A.. 1515 Trails of 
Sunbrook. Sr. Charles. MO 63301 US). McQUAlD, 
Seamus, A.. Aoarrment 15, 6220 Ncnhwcod Avenue, 
St. Louis. MO 63:05 (US). HOLZER. Joseph. C, 
52 34 G utermuih Read. Sr. Charles. MO 63304 (US). 
MUTTI. Paolo: Via Santa Caterina, 7, 1-39012 Merano (IT:. 
JOHNSON, Bavard. K., 78 Siccic Col.- La*e Sc. Louib 
MO 6536' US:. 



I (74) Agents: HEJLEK. Edward, J. et al.; Senniger. Powers. Leavitt 
& Roedei, 1 6ch rlcor. One Metropolitan Square, St. Louis 
! MO 63102 US '. 



With international search report 
Before the expiration of the time limit far amending the 
claims and to be republished in the even: of the receipt of \ 
amendments. \ 



'54? Title: LOW DEFECT DENSITY. VACANCY DOMINATED SILICON 
Abstract 



The present invention relates :o single crystal silicon, in ingot or wafer form, which contains an axiallv 
vacancies are rne predominant intrinsic point detect and *hicn is substantially free of agglomerated vacancy intr 
*he rirst axiaily symmetric region comprises che central axis or has a width of at least about 15 mm, and a 
thereof. 



"gicn ; n which 
-fects. wnerein 



ie crLjaraticn 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moidova 


TG 


Togo 


3B 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tcbago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United Scates of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


iNE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


Z\V 


ZimbaDwe 


CI 


Cote d'lvoire 


KP 


Democratic Peoole's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






CL 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






CZ 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







WO 98/45508 



PCI 



4 



LOW DEFECT DENSITY, 
VACANCY DOMINATED SILICON 
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crystal growth chamber as the crystal cools after 
solidification. Such defects arise, in part, due z 
presence of an excess (i.e. a concentration above the 
solubility limit) of intrinsic point defects, which are 
known as vacancies and self - mterst i t lals . Silicon 
crystals grown from a melt are typically grown with an 
excess of one or the ether type of intrinsic point 
defect, either crystal lattice vacancies ( M V n ) cr silicon 
self -interstitials ("I"). It has been suggested that the 
type and initial concentration of these ccint defect- i- 
the silicon are determined at the time of solidification 
and, if these concentrations reach a level of critical 
supersaturat ion in the system and the mcbilitv cf the 
point defects is sufficiently high, a reaction, cr an 
agglomeration event, will likely occur. Agglomerated 
intrinsic point defects in silicon can severely imoact 
the yield potential of the material in the production of 
complex and highly integrated circuits. 

Vacancy-type defects are recognized to be the origin 
cf such observable crystal defects as D-defects. Flow 
Pattern Defects (FPDs) , Gate Oxide Integritv (GOD 
Defects, Crystal Originated Particle (COP) Defects, 
crystal originated Light Point Defects (IPCs) , as well as 
certain classes of bulk defects observed bv infrared 
light scattering techniques such as Scanning Infrared 
Microscopy and Laser Scanning Tomography. Also present 
in regions of excess vacancies are defects which act as 
the nuclei for ring oxidation induced stacking faults 
(OISF) . It is speculated that this particular defect is 
a high temperature nucleated oxygen agglomerate catalyzed 
by the presence of excess vacancies . 

Defects relating to self -interstitials are less well 
studied. They are generally regarded as being low- 
densities of interstitial-type dislocation loops cr 
networks. Such defects are net responsible for gate 
oxide integrity failures, an important wafer performance 
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Others have suggested reducing the pull rate, durincy 
the growth of the body of the crystal, to a value less 
than about 0.4 mm/minute. This suggestion, however, is 
also not satisfactory because such a slow pull rate leads 
5 to reduced throughput for each crystal puller. More 
importantly, such pull rates lead to the formation of 
single crystal silicon having a high concentration of 
self -interstitiais . This high concentration, in turn, 
leads to the formation of agglomerated self -interstitial 
.0 defects and ail the resulting problems associated with 
such defects . 

A second approach to dealing with the orcblem of 
agglomerated intrinsic point defects includes methods 
wnicn locus on tne dissolution or annihilation of 
5 agglomerated intrinsic point defects subsequent tc their 
formation. Generally, this is achieved by using high 
temperature heat treatments of the silicon in wafer form. 
For example, Fusegawa et ai . propose, in European Patent 
Application 503,315 Al , growing the silicon ingot at a 
growth rate in excess of 0.3 mm/minute , and heat treat ma 
the wafers which are sliced from the ingot at a 
temperature in the range of 1 1 5 0 c C to 1230 °C to reduce 
the defect density in a thin region near the wafer 
surface. The specific treatment needed will vary 
5 depending upon the concentration and location of 
agglomerated intrinsic point defects in the wafer. 
Different wafers cut from a crystal which does net have a 
uniform axial concentration of such defects mav recruire 
different post-growth processing conditions. 
) Furthermore, such wafer heat treatments are relative!/ 
costly, have the potential for introducing metallic 
impurities into the silicon wafers, and a^e rc r 
universally effective for all tyoes of crvs tal - related 

^— w <Z3 . 

A third approach to dealing with the problem of 
agglomerated intrinsic point defeczs is the ec it axial 
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Briefly, therefore, the present invention is 
directed to a single crystal silicon wafer having a 
central axis, a front side and a back side which are 
generally perpendicular to the central axis, a 
circumferential edge, and a radius extendma from the 
central axis to the circumferential edge of the wafer. 
The wafer comprises a first axially symmetric reaion in 
which vacancies are the predominant intrinsic point 
defect and which is substantial! v f re- o~ aGa ^^v.^oH 
vacancy intrinsic point defects wherein the first axialiv 
symmetric region comprises the central axis or has a 
width of at least about: 15 mm. 

The present invention is further directed to a 
single crystal silicon ingot having a central axis, a 
15 seed-cone, an end-cone, and a constant diameter ocrtion 
between the seed-cone and the end-cone having a 
circumferential edge and a radius extending from the 
central axis to the circumferential edge. The sincle 
crystal silicon ingot is characterized in that after the 
20 ingot is grown and cooled from the solidification 

temperature, the constant diameter portion contains a 
nrst axial iy symmetric r^o : on i- wn-m Trar-an^^c: =~ ~ 
predominant intrinsic point defect and which is 
substantially free of agglomerated intrinsic ocinc 
25 defects wherein the first axially symmetric reaion 

comprises the central axis or has a width of at least 
about 15 mm and has a length as measured alone the 
central axis of at least about 2 0% of the length of the 
constant diameter portion of the inact . 
30 The present invention is further directed to a 

process for growing a single crystal silicon moot in 
which the ingot comprises a central axis, a seed- cone , an 
end- cone and a constant diameter portion between the 
seed- cone and the end- cone having a circumferential edce 
and a radius extending from the central axis to the 
circumferential edge. In this process, the incct is 
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FIG. 4 is a top plan view of a smale crystal 
silicon ingot or wafer showing regions of vacancy, V, and 
self -interstitial , I, dominated materials resceCiv^ ' v 
as well as the V/ I boundary that exists between them. 

FIG. 5 is a longitudinal, cross-sectional view of a 
single crystal silicon ingot showing, in detail, an 
axially symmetric region of a constant diameter portion 
of the ingot . 

FIG. 6 is an image produced by a scan of the 
minority carrier lifetime of an axial cut of the ingot 
following a series of oxygen precipitation heat 
treatments, showing in detail a aenerallv cvlindrical 
region of vacancy dominated material, a ce^^-a^v 
shaped axially symmetric region of self -interstitial 
15 dominated material, the V/I boundary present between 

them, and a region of agglomerated interstitial defects. 

FIG. 7 is a graph of pull rate (i.e. seed lift) as a 
function of crystal length, showing how the pull rate is 
decreased linearly over a portion of the length of the 
20 crystal. 

FIG. 8 is an imaae produrpH hy a c.^^r r> ~ 
minority carrier lifetime of an axial cut of the ingot 
following a series of oxygen precioitat ion heat 
treatments, as described in Examole 1. 
25 FIG - 9 is a graph of pull rate as a function of 

crystal length for each of four single crystal silicon 
ingots, labeled 1-4 respectively, which are used to vieid 
a curve, labeled v*(Z), as described in Example 1. 

FIG. 10 is a graph of the average axial temperature 
30 gradient at the melt/solid interface, G 0 , as a function of 
radial position, for two different cases as described in 
Examole 2 . 

FIG. 11 is a graph cf the initial concentration cf 
vacancies, [V] , cr sel f - incersti tiais , [1] , as a function 
35 of radial position, for two different cases as described 
E:carr,ole 2 . 
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decoration and a defect -delineating etch, described in 
Example 7 . 

FIG. 21 is a photograph cf an axial cut of a segme: 
of an ingot, ranging from about 3C5 mm to about 4 60 mm 
from the shoulder cf the ingot, following copper 
decoration and a defect -delineating etch, described in 
Example, 7 . 

FIG. 22 is a photograph of an axial cut of a segme: 
of an ingot, ranging from about 140 mm to about 275 mm 
from the shoulder cf the ingot, followma copcer 

decoration and a defect -delineating etch, described in 
Examole 7 . 



is a photograph of an axial cut cf a seamen: 
cf an ingot, ranging from about 600 mm to about 73 0 mm 
from the shoulder cf the ingot, following cooper 
decoration and a defect -delineating etch, described in 
Example 7. 

FIG. 24 is a graph illustrating the radial 
variations in the average axial temperature aradient, 
G 0 (r), which may occur in hot zones cf various 

FIG. 25 is a graph illustrating the axial 
temperature profile for an ingot in four different hot 
zone configurations. 

DETAILED DESCRIP TION OF THE PRE?SRRSD EMBODIMENTS 

Based upon experimental evidence to date, it appears 
that the type and initial concentration of intrinsic 
point defects is initially determined as the ingot cools 
from the temperature of solidification (i.e., about 
1410°C) to a temperature greater than 1300°C (i.e., at 
least about 1325 °C, at least about 1350 °c or even at 
least about 1375 °C) . That is, the type and initial 
concentration of these defects are controlled by the 
ratio v/G c , where v is the growth velocity and G, is the 
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xn accordance wit n the cresen*" inv^-~-o- — • , 

been discover- d t'^-~ rr» ^- = -^^ r>r .„ 

^ ^ w w / . 1 . _ u r _» .-ac — on s 1 n wr ' ~ ^ v= ^ = ^ ^ - ^ a 

within the silicon matrix ^«ac- - ^--^ 

— ^ — ^- cc^ w - aggiomeratec 

vacancy defects and ir. which sel f - inrersrit ials within 
the silicon matrix react to produce aggic-erated 

interstitial defects c=- s'-— r^-oc-o^ ■ 

— — — — • — bu ^^-2Soec:. 'Vttnout fcetnci 

bound to any particular theory, it is believed that the 
concentration of vacancies and self -intersti tials is 
controlled durmc the crow- - — r-" — - 

_ — w " « ■ — ^ -i. ^ ; o 1 ^ 

ingot in the process cf the cresen: inve— ^ ~- - -v.^. 

tne cnange in free enercv of ^'^^ 3 

critic a_ value at w h i ^ u t" - -^ = • ' *^ xr ^ ^ ■ — ■* ^ 
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spontaneously occur 10 produce agglomerated vacancy or 
interstitial defects . 

In general, the change in svscerr. free enerav 
available to drive the reaction m which agglomerated 
vacancy defects are formed from vacancy point defects or 
agglomerated interstitial defects are formed from self- 
interstitial atoms in single crystal silicon is governed 
by Equation (1) : 



[V/I] (1) 



wnerein 

AG V/: is the change in free energy for the 
reaction which forms agglomerated vacancy defects 
15 the reaction which forms the interstitial defects, 

as applicable, 

k is the Boltzmann constant, 

T is the temperature in K, 

[V/I] is the concentration of vacancies or 
20 interstitials , as applicable, at a point in space 

and time m the single crystal silicon, and 

vacancies or interstitials, as aoolicable , at the 
same point in space and time at which [V/I] occurs 
2 5 and at the temperature, T. 



According to this equation, for a given concentration of 
vacancies, [V] , a decrease in the temperature, T, 
generally results in an increase in AG V due to a sharp 
decrease in [V] " with temperature. Similarly, for a 
given concentration of interstitials, [I], a decrease in 
the temperature, T , generally results in an increase in 
AG : due to a sharp decrease in [I] eq with temperature. 

Fig. 2 schematically illustrates the change in AG- 
and the concentration of silicon self - interstitials f or 
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an ingcc which is cooled from ^ 

means for suppress:::, of the cc-ce^-ra-— 

self-mtersnuals. As 

5 according :c Equation (!':, du~ - - — -.-^1-.,^ 

supersaruraticr. of [:j , r~e < I 

' L-*.tr s.-ercrv carrier — ——.a 

rormacicn of aacrlomerated ^ n-oT-e- - - ^ - - 

approached. As coding continues, this enerov b^r~-- 
eventually exceeded, a: whicn pome a reaction, cccu-" 
1C This reaction results in tr- f--~ = - . „ ^ - _ 

— — »■ — d r C <— • 

1 — * — w w » a . . . 71 _, d n _ ""•^""''■^^ciw.cj.oi - »- — ■ 

as the supersaturated system is relaxed, i.e., as - e " " " 
concer.:ra:i = r. cf [:j decreases. 

o_~i_ar_y, as ar. ingot is ceded frc~ — 
'~5 temperature cf sclidifica tier, without s i-ul — = - 
employing seme means for succ^^s — - 

of vacancies, AG., increases according tc Ecuacicn ( 1 • , 11 
tc the increasing supersaturation cf [y] , 5 ~d ~ 
barrier for the formation of agglomerated vacar.cv defect 
is approached. As cooling continues, this energv ba — 

is eventual".'/ p v -po^ t.rv.^ — .u 

' «^ w — _ . ^ w ex r e a c • n ^ '™ * * 1 ~* 

fc w*ma-.Oi. w_ aggicmeracec 
vacancy defects and the conccrtitant d-~-~==:~ a- 
supersaturated svscem is r ~ ■ =>x—" 

The agglomeration cf vacancies and interstitial- ca- 
be avoided in regions cf vacancy and interstitial 
dominated material, respectivelv, as th- 
tne temperature cf solid"— u, r 



n 



3 0 



maintaining the free 

energy of the vacancy system and t - - i- ei i-n-- - 

■ sr-ui'.ia. svstem 

at values which are less -h^- , - , . 

— -^vec a w wni cn 

aggiomerat ion reactions — 



ur ■ other words, 



— " — — w- w --e ver ceco me c 1 ^ ~ ~ a " " 

supersaturated 1^ v= ^v- 

he ac^ 7 ^'/^^ - - - 1< -.^_.^- j 

^ y es u.ac^ isnircr i ^ *~ s " ^. ^ ^ ^. ^ ^, ^ 

va c an ties and "-r^'^^---- 1 -'- _ _ 



sum that 



WO 98/45508 



PCTUS98/07304 



14 

critical super saturation is never achieved. In practice, 
however, such concentrations are difficult to achieve 
across an entire crystal radius and, in general, 
therefore, critical suoer saturation may he avoided bv 
suppressing the initial vacancy concentration and the 
initial interstitial concentration subsecuenc to crvstai 
solidification, i.e., subsequent to establishing the 
initial concentration determined by v/G>(r! . 

Surprisingly, it has been found that due to the 
relatively large mcbility of self -mterstitials , which is 
generally about cnr/ second, and to a lesser extent, 

— — " — * * >— ii.v^ ^ — — — j. — v^v^^^iw-i-^i;, .2 - - •■ , - - , -~r . ,-. . w » — e ^ _ 

the suppression of incerst i t ials and vacancies over 
relatively large distances, i.e. distances of about 5 cm 
to about 10 cm or more, by the radial diffusion of self - 
intersti t ials to sinks located at the crystal surface or 
to vacancy dominated regions located within the crvstai. 
Radial diffusion can be effectively used to suppress the 
concentration of self - intersti t ials and vacancies, 
provided sufficient time is allowed for the radial 
diffusion of the initial concentration of intrinsic point 
defects. In general, the diffusion time will depend upon 
the radial variation in the initial concentration of 
self- intersti tials and vacancies, with lesser radial 
variations requiring shorter diffusion times. 

Typically, the average axial temperature gradient, 
G 0 , increases as a function of increasing radius for 
single crystal silicon, which is crown accordinc to the 
Czochraiski method. This means that the value of v/G. is 
typically net singular across the radius of an ingct . As 
a result of this variation, the type and initial 
concentration of intrinsic point defects is net constant. 
If the critical value of v/G : , denoted in Figs. 3 and 4 as 
the V/I boundary 2, is reached at some coint alone the 
radius 4 of the ingot, the material will switch from 
being vacancy dominated to self -interstitial dominated. 
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In a ddi tier., t 0 * ^ - ^ — - ~ ~ - 

- — _ . * — v _ . ^ c:-C— s V 3 \ 

- — ~~ ~ ~ ~ s.^ :a. ciCTiir.a'ec t- ~ — = - - _ 

*--- e ci-l :cr.cer.:ra::cr. of s;l::-- ^ ^. - ^ 

m:ers:::ia: acorns increases as a f U nc:;c- 
radius; , surrounding a generally cv~ — ~ 
vacancy dominated -a:er;al 5 Un whicr m- — -"^ 
ccr.cer.c^aticr. of vacancies decreases as a " 
increasing radius- 

»*\ ^ a . * 1 r. <c o *~~ » — t t ' ~~ 7 

— ^ - ^— w . * « a. — V • rr'""r = >" 

±-"-a-_^re c _ so,Lieicicac~~- = " 
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sr.::: in the V/I ccu^da-- - -~ - v-- 
ir.:ers:icials with vacancies. a d~ 
dicrusicn of self - ir.cer-* ^ - ^ < , _ ^ _ ^ 

- w •«-, _ o . i. *i e sir - 1 ■ ^ 

/"^ "V M 

— ^,.e cr/s:a. ccc.s . "R = d 
diffusion of pome defaces will cend to reduce che sel; 

conoencration outside che V/I bcundarv a -c 
the vacancy concent ra: ion inside the V/I bcundarv/ if 

enough time 13 allowed fc- d^-'^^or^ r'-^^ . 

w - - — ^s _ on , tn ere: ore ch^ 

concentration of vaca-cv , , , 

...w^ — = r a -i -:ais everr.v;;. 

he such that AG- and a 3 " " - 

, , v _. e iess tnan tne critical 

values at whic"^ v ^ r _ - 

' ^awcL^Cy cigg^crteraticn reaction a**^ 

the ir^r^-^c-^--; ^ - _ _ _ 

— ens occur 



1 r ^ —» -v» , 



crystal will 
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diffusion of 
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Referring new to Fig. 5, a 
meet 10 is grown 
method in a first 

present invention. The silicon 

' ^^w^ - -n- -~ , cin ena- 
diar.eter portion 
ccne. The constant 
"ir:urr.:ere:: iai edoe 



single crvstal s^ - 
m accordance with the Czochralski 
^^cr.en. c_ tne process of the 

ingot comprises a centra 
cone 16 and a constant 
:e seed-cone and ^ 

"™> ^3 ^7 — 



diaT.ete^ 
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and the cooling race are Dref erablv r r -^ii^ - 

- * aLl r tc.^rciiec: to cause 

the formation of an axiallv symmetric region of 
interstitial dominated material 6, and a generally 
cylindrical region of vacancy dominated material 6 which 
contains an axial ly symmetric region of agglomerated 
intrinsic point defect -free material 9. Axiallv 
symmetric region 9 has a width, as measured along the 
radius extending from V/I boundary 2 to axis 12 /which i: 
one embodiment of the present invention, i« l= = s - 

about 15 mm in width and preferably has a width which is 
at lease about 7.5%, more pref erablv a - a — i 

u *<— - F--- e ---iy ci„ leas: accu^ = -~s r^~~- 

pref erablv a *~ i =as^ = v-.^, , - -no. _^ 

» - ■ — * -ta* — ^ wl_Cr 

constant diameter portion of the inoct . Zr. a 
15 particularly preferred embodiment, axiallv symmetric 
region 9 includes axis 12 of the incot - - r-- 
symmetric region 9 and generally cvlindr- c-=> 1 r — - = 
coincide. Stated another way, ingot 10 includes a 
generally cylindrical region cf vacancy dominated 

material 8, a** le 3 - u ^ r^o>-^i^-n ^> - r , ■ , 

' -Lww*w^ a portion o_ whicn is tree of 

region 9 extends over a length of at least" about 20%, 
preferably at least about 40%, more pref erablv at least 
about 50%, and still more preferably at least* about To% 
25 of the length of the constant diameter portion cf the 
ingot . 

Axiallv symmetric region 6 (when present) generally 
has a width, as measured from circumferential edge 20 
radially inward toward central axis 12, of at lease abcuc 

3 0 3 0%, and in some embodiments at i~ = S r =hr-,-- - 

- — • a - q^ou. *z u -s , a _ _easc 

anout 60%, or even at i = as~ a~oi"- aii .-• 

— di^- ci^cu_ e u -s oc tne racius cf 

the constant diameter portion of t'-e -c:^^ r„ 

~ w - —get . _n acciticn, 

generally extends ever a 



the axiallv symmetric ^-=c: - ~- 



— • — ' *i U "c 



length of at least about 2u*. preferably at least about 



d^OUw c U -5 , arid Stll rrz-^ca, 
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- 1 -.*^-ww lo raciaiiv toward a 



cf the central axis 
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20 



25 



3 0 
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circumferential edge ^-j 
p:int which is farthest 
~- - > ' — e vv^^i — measured s ■ • - - ^ - - v, _ _ 

— — - — ... 

- — ^ne s/ia.^v 5 - 



distance within the giver, lencth 



-e wiatn cr ax- = 



region 6 is deterti 
symmetric: r eerier- 9 i~ 

distance from t*^^ v/t - — . . - — ^ - 

— ^ _-__~_v ttwarc a 

which is farzhes: frcr. the central axis." ir. czhar 



the width is measured suci 



w c r c s , 



within the given 
is determined. 

The growth velocity, v a- 
temperature gradient, G- , 
typically controlled such 
value from about 0 
value cf v/Gr 
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1 the axialiy symmetric 



tne average axial 



i --w^S^v dr.ir.5d, 

-hat the ratio v/G, r = --:■■ 
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are 



aoout IxlO" 5 



crrr/sK based upon currently available 



cm 2 /sK to abou 
inf ormati 



t 5x 



critical value cf 



or t - 



— ^/ / . — ^ 



range in value from about 



. 6 



critical value cf v/G D (i.e., about 1.3x1 
about 3xlC- 5 cmVsX based upor 



to about 1.5 times the 



cmV'sK t 
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falling between the critical value cf v/G, and 1.1 times 
the critical value cf v/G„. 

To maximize the width of the axial iy symmetric 
region 9 it is preferred that the ingot be cooled from 
5 the solidification temoerature to a temperature in excess 
cf about 1050 °C over a period cf (i) at least about 5 
hours, preferably at least about 10 hours, and mere 
preferably at least about 15 hours for 150 mm nominal 
diameter silicon crystals, (ii) at least about 5 hours, 
10 preferably at least about 10 hours, mere preferabiv at 
least about 20 hours, still more preferably at least 
about 2 5 hours, and most preferably at least about 3 0 
hours for 200 mm nominal diameter silicon crystals, and 
(in) at lease about 20 hours, preferably at least about 
15 40 hours, more preferably at least about 50 hours, and 
most preferably at least about 75 hours for silicon 
crystals having a nominal diameter greater than 2 00 mm. 
Control of the cooling rate can be achieved by using any 
means currently known in the art for minimizing heat 
20 transfer, including the use of insulators, heaters, 
radiation shields, and magnetic fields. 

Control of the average axial temperature gradient, 
G 0 , may be achieved through the design cf the "hot zone" 
cf the crystal puller, i.e. the graphite (or ether 
25 materials) that makes up the heater, insulation, heat and 
radiation shields, among other things. Although the 
design particulars may vary depending upon the make and 
model of the crystal puller, in general, G 0 may be 
controlled using any of the means currently known in the 
30 art for controlling heat transfer at the melt/solid 

interface, including reflectors, radiation shields, curce 
tubes, light pipes, and heaters. In general, radial 
variations in G c are minimized by positioning such an 
apparatus within about one crystal diameter above the 
3 5 melt/solid interface. G 0 can be controlled further by 
adjusting the position cf the aooaratus relative to the 
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be further controlled bv 
the heater. Any, C r all, 
during a batch Czcchralsk 
is cepleced during the crcces~ 

It: is generally preferred fc- 
the present invention 
gradient, G : , be relatively 
diameter of the ingot, 

- v- ^ — — 

^- i • i^zsc rne c r a n * ~" = ^ 
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important factor. 
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crystal puller design. The seated rancres are epical for 
200 mm diameter crystals. In general, the cull rate will 
decrease as the crystal diameter increases. However, the 
crystal puller may be designed to allow pull rates in 
excess of those stated here. As a result, most 
preferably the crystal puller will be designed to enable 
the pull rate to be as fast as possible while still 
allowing for the formation of an axial ly s^/mmetric recicn 
in accordance with the present invention. 

The amount of self -interstitial diffusion is 
controlled by controlling the coclina rate as the moot 
is cooled from the solidification temperature (about 
1410°C) to the temperature at which silicon self - 
interst it ials become immobile, for commercially tract ical 
purposes. Silicon sei f - int ersti t ials aooear to be 
extremely mobile at temperatures near the solidification 
temperature of silicon, i.e. about 1410 °C . This 
mobility, however, decreases as the temperature of the 
single crystal silicon ingot decreases. Generaliv, the 
diffusion rate of self - interst it ials slows such a 
considerable degree that thev are essential Iv immobile 
for commercially practical time periods at temperatures 
less than about 700°C, and perhaps at temperatures as 
great as 80C°C, 9C0°C, 1000 °C, or even 1050 3 C. 

It is to be noted in this regard that, although the 
temperature at which a self -interstitial agglomeration 
reaction occurs may in theory vary over a wide ranee of 
temperatures, as a practical matter this range appears to 
be relatively narrow for conventional, Czochraiski grown 
silicon. This is a consequence of the relat ivelv narrow- 
range of initial self -interstitial concentrations which 
are typically obtained in silicon grown acccrding to the 
Czochraiski method. In general, therefore, a sel~- 
interstitial agglomeration reaction mav occur, i- a- a 11 
at temperatures within the range of about 1100°C to about 
300°C, and typically at a temperature of about 1050°C. 
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Within the rano^ c~ r ^r--^^- r < . -, - 

interstitials appear to be mobile, and depending upon :h: 
temperature in the hot zone, the cooling rate will 
typically range from about C.l °C/minute to abcu~ 
3 °C/minute. Preferably, the cooling rate will ranee 

from about 0.1 °C/minute to abcu- • ~ oc/~-n- P — 

preferably from about 0.1 °C/minute to about 1 °C/minute, 
and still more preferably from about C.l °C/minute to 
about 0.5 °C/minute. 

By controlling the cooling rate of the ingot withir 
a range of temperatures in which self -interstitials 
appear to be mobile, the self -interstitials may be given 
more time to diffuse to sinks located at the crystal 
surface, or to vacancy dominated regions, where they may 
be annihilated. The concentration of such interstitials 
may therefore be suppressed, which act tc prevent an 
agglomeration event from occurring. Utilizing the 
diffusivity of interstitials by controlling the coolinc 
rate acts to relax the otherwise stringent v/G 0 
requirements that may be required in order to obtain an 
axially symmetric region free of agglomerated defects. 
Stated another way, as a result of the fact that the 
cooling rate may be controlled in order to allow 
interstitials more time to diffuse, a large range of v/G- 
values, relative to the critical value, are acceptable 
for purposes of obtaining an axial ly symmetric region 
free of agglomerated defects. 

To achieve such cooling rates over appreciable 
lengths of the constant diameter portion of the crystal, 
consideration must also be given tc the growth process cf 
the end-cone of the ingot, as well as the treatment of 
the ingot once end-cone growth is complete. Typical! 
upon completion of the growth of the constant diameter 
portion of the ingot, the pull rate will be increased in 
order to begin the tapering necessary to form the end- 
cone. However, such an increase in pull rate will result 
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in the lower segment of the constant diameter portion 
cooling more quickly within the temperature range in 
which interstitials are sufficiently mobile, as discussed 
above. As a result, these interstitials mav not have 

5 sufficient time to diffuse to sinks to be annihilated; 

that is, the concentration in this lower segment may not 
be suppressed to a sufficient degree and agglomeration of 
interstitial defects may result. 

In order to prevent the formation of such defects 

0 from occurring in this lower segment of the mgo: , it is 
therefore preferred that constant diameter portion of the 
ingot have a uniform thermal history in accordance with 
the Czochralski method. A uniform thermal historv mav be 
achieved by pulling the ingot from the silicon melt at a 

5 relatively constant rate during the growth of not only 

the constant diameter portion, but also during the growth 
of the end-ccne of the crystal and possibly subsequent to 
growth of the end-cone. The relatively constant rate may 
be achieved, for example, by (i) reducing the rates of 

0 rotation of the crucible and crystal during the growth of 
the end-cone relative to the crucible and crvstai 
rotation rates during the growth of the constant diameter 
portion of the crystal, and/or (ii) increasing the power 
supplied to the heater used to heat the silicon melt 

5 during the growth of the end-cone relative to the power 
conventionally supplied during end-cone growth. These 
additional adjustments of the process variables may occur 
either individually or in combination. 

When the growth of the end-cone is initiated, a pull 

0 rate for the end-cone is established such that, anv 

segment of the constant diameter portion of the ingot 
which remains at a temperature in excess of about 1050 °C 
experiences the same thermal history as ether segment (s) 
of the constant diameter portion of the ingot which 

5 contain an axial ly symmetric region free of agglomerated 
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intrinsic point defects which have already ccoled tc a 
temperature cf less than about 105C ° Z . 

As previously noted, a minimum radius cf the vac an 
dominated region exists for which the suppression cf 
5 agglomerated interstitial defects may be achieved. The 
value of the minimum radius depends on v/G-,(r) and the 
cooling rate. As crystal puller and hot zone designs 
will vary, the ranges presented above for v/G- (r ) , pull 
rate, and cooling rate will also vary. Likewise these 
10 conditions may vary along the length of a growing 
crystal. Also as noted above, the width cf the 

interstitial defects is preferably maximized. Thus, it 
is desirable to maintain the width of this region tc a 
15 value which is as close as possible tc, without 

exceeding, the difference between the crystal radius an< 
the minimum radius cf the vacancy dominated region along 
the length c2 the growing crystal in a given crystal 
puller . 

20 The optimum width of axial ly symmetric regions 6 and 

9 and the required optimal crystal pulling rate profile 
for a given crystal puller hot zone design may be 
determined empirically. Generally speaking, this 
empirical approach involves first obtaining readily 

25 available data on the axial temperature profile for an 
ingot grown in a particular crystal puller, as well as 
the radial variations in the average axial temperature 
gradient for an ingot grown in the same puller. 
Collectively, this data is used to pull one or more 

30 single crystal silicon ingots, which are then analyzed 
for the presence of agglomerated interstitial defects. 
In this way, an optimum pull rate profile can be 
determined . 

Fig. 6 is an image produced by a scan cf the 
35 minority carrier lifetime cf an axial cut of a section cf 
a 2CC mm diameter incct foilowma a series cf cxvcren 
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precipitation heat - treatments which reveal defe — 
distribution patterns. It depxcts an example inVi-h a 
near-optimum pull rate profile is employed for a g^ve- 
crystal puller hot zone design. m this example, a 
transition occurs from a v/G 0 (r) at which the maximum 
width of the interstitial dominated region is exceeded 
(resulting in the generation of regions of agalome-ated 
interstitial defects 28) to an optimum v/G 0 (r) at which 
the axially symmetric region has the maximum width. 

In addition to the radial variations in v/G. 
resulting from an increase in G 0 over the radius of the 
ingot, v/G 0 may also vary axially as a result of a change 
m v, or as a result of natural variations in G- du- to" 
the Czochralski process. For a standard Czochrais!^ 
process, v is altered as the pull rate is adjusted 
throughout the growth cycle, in order to maintain the 
ingot at a constant diameter. These adjustments, ex- 
changes, in the pull rate in turn cause v/G 0 to vary ov«>- 
the length of the constant diameter portion of the ingo- 
In accordance with the process of the present invention, 
the pull rate is therefore co^rniio^ ^ r— '~r ^ 
maximize the width of the axially symmetric region of the 
ingot. As a result, however, variations in the radius of 
the ingot may occur. In order to ensure that the 
resulting ingot has a constant diameter, the ingo~ is 
therefore preferably grown to a diameter larger than that 
which is desired. The ingot is then subjected to 
processes standard in the art to remove excess material 
from the surface, thus ensuring that an ingot having a 
constant diameter portion is obtained. 

In general, it is easier to make vacancv dominated 
material free of agglomerated defects when rad^a 1 
variation of the axial temperature gradient, G 0 (r) , is 
minimized. Referring to Fig. 25, axial temperature 
profile for four separate hot zone configurations ar~ 
illustrated. Fig. 24 presents the variation in the axia^ 
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temperature gradient, G : (r), from the center of the 
crystal to cne-half of the crvstal radi-- h«- — — ^ r— 
averaging the gradient frcrr. the sciidif icat icn 
temperature to the temperature indicated cn the x-axis. 
When crystals were pulled in her zones designated as 

Ver . 1 and Ve^ 4 wh 1 ' n^-ro - _ 

^ ^ . . w.i_^^ na/e _arger raaia_ variation in 

G„(r), it was not possible to obtain crystals havinc 
vacancy dominated material from center to edge of anv 
axial length which was free of agglomerated defects." 
When crystals were pulled m net zones = a- 
Ver. 2 and Ver. 3 which have lesser radial variation in 
G 0 (r), however, it was possible to cbca- c-v<=- = ^= v, a ,-,--, 
vacancy dominated material from center to edge which was 
free of agglomerated defects for some axial length of the 
15 crystal. 

For an ingot prepared in accordance with the process 
of the present invention and having a V/I boundary i.e. 
an ingot containing material which is vacancy dominated, 
experience has shown that low oxygen content material, 
i.e., less than about 13 PPMA (parts per million atomic, 
ASTM standard F-121-S3), is preferred. M Cre preferablv! 
the single crystal silicon contains less than about 12 " 
PPMA oxygen, still more preferably less than about 11 
PPMA oxygen, and most preferably less than about 10 PPMA 
25 oxygen. This is because, in medium to high oxygen 

contents wafers, i.e., 14 PPMA to IS PPMA, the" formation 
cf oxygen- induced stacking faults and bands of enhanced 
oxygen clustering just inside the V/l boundary becomes" 
more pronounced. Each of these are a potential source 
for problems m a given integrated circuit fabrication 
process . 

The effects cf enhanced oxygen clustering may be 
further reduced by a number cf methods, used singularly 
or in combination. For example, oxygen precicitate 
nucieation centers typically form, in silicon which is 
annealed at a temperature in the range cf about 3 5 
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about 750°C. For some applications, therefore, it may be 
preferred that the crystal be a "short" crystal, that is, 
a crystal which has been grown in a Czochralski process 
until the seed end has cooled from the melting point of 
silicon (about 1410° C) to about 750°C after which the 
ingot is rapidly cooled. In this way, the time spent in 
the temperature range critical for nucleation center 
formation is kept to a minimum and the oxygen precipitate 
nucleation centers have inadequate time to form in the 
crystal puller. 

Preferably, however, oxygen precipitate nucleation 
centers formed during the growth of the single crystal 
are dissolved by annealing the single crystal silicon. 
Provided they have not been subjected to a stabilizing 
heat -treatment, oxygen precipitate nucleation centers can 
be annealed out of silicon by rapidly heating the silicon 
to a temperature of at least about 875° C, and preferably 
continuing to increase the temperature to at least 1000° 
C, at least 1100°C, or more. By the time the silicon 
reaches 1000° C, substantially all (e.g., >9S%) of such 
defects have annealed cut. It is important that the 
wafers be rapidly heated to these temperatures, i.e., 
that the rate of temperature increase be at least about 
10° C per minute and more preferably at least about 50° C 
per minute. Otherwise, some or all of the oxygen 
precipitate nucleation centers may be stabilized by the 
heat - treatment . Equilibrium appears to be reached in 
relatively short periods of time, i.e., on the order of 
about 60 seconds or less. Accordingly, oxygen 
precipitate nucleation centers in the single crystal 
silicon may be dissolved by annealing it at a temperature 
of at least about 875° C, preferably at least about 
950°C, and more preferably at least about 1100°C, for a 
period of at least about 5 seconds, and preferably at 
least about 10 minutes. 
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The dissolution may be carried cut in a ccnver.ciona 

The rapid thermal anneal of silicon may be carried cut i 
any of a number of commercial Iv available r*~ — ~r«™- ~ 
annealing ( " RTA " ) furnaces in which wafers are 
individually heated by banks of high power lames. RTA 
furnaces are capable of rapidly heating a silicon wafer, 
e.g., they are capable of heating a wafer from room 
temperature tc 1 2on °r = -f ^ f _ _ - _ 

commercially available RTA furnace is the mcdel SIC 
furnace available from AG Associates (Mcuntair Vi-w • 

silicon ingots or on silicon wafers, preferably wafers. 

In one embodiment of the process of the present 
invention, the initial concentration cf silicon seif- 
mterstitiai atoms is controlled in the axiallv 
symmetric, self -interstitial dominated region 6 of 
ingot 10. Referring again to Fig. 1, in general, the 
initial concentration of silicon self -interstitial atoms 
is controlled by controlling the crystal growth velocity, 
v, and the average axial temperature gradient, G, ( such/ 

that the value cf the ra^- v >' ^- - e= - - - t , 

— ^ ^ / ^ s reiGLivsiy near cne 

critical value cf this ratio, a- w— — t-- v'~ 
occurs. In addition, the average axial temperature 
gradient, G 0 , can be established such that the variation 
of G„ i.e. G 0 (r), (and thus, v/G, (r) ) as a the variation 
of G 0 (and thus, v/G 0 ) as a function of the ingct radius 
is also controlled. 

In another embodiment c" = r,^ sco „. ^ . . . „ 

— ^ j. . . v = . i — on, v / o , 

is controlled such that no V/I boundary exists alone the" 
radius for at least a portion of the lencth o* t-~ < — 
In this length, the silicon is vacancy dominated from" 
center to circumferential edge and agglomerated vacancv 
defects are avoided in an axiallv symmetric region 
extending radially inward from the circumferential edae 
of the ingot principally by controlling V/G, . That is". 



the growth conditions are controlled so that v/G 0 has a 
value falling between the critical value of v/G 3 and 1.1 
times the critical value of v/G 0 . 

It is to be noted that wafers prepared in accordance 
with the present invention are suitable for use as 
substrates upon which an epitaxial layer may be 
deposited. Epitaxial deposition may be performed by 
means common in the art . 

Furthermore, it is also to be noted that wafers 
prepared in accordance with the present invention are 
suitable for use in combination with hydrogen or argon 
annealing treatments, such as the treatments described in 
European Patent Application No. 503,816 Al . 

Visual Detection of Agglomerated Defects 

Agglomerated defects may be detected by a number of 
different techniques. For example, flow pattern defects, 
or D-defects, are typically detected by preferentially 
etching the single crystal silicon sample in a Secco etch 
solution for about 3 0 minutes, and then subjecting the 
sample to microscopic inspection, (see, e.g., K. 
Yamagishi et al . , Semicond. Sci. Techno! . 7, A135 
(1992)) . Although standard for the detection of 
agglomerated vacancy defects, this process may also be 
used to detect agglomerated interstitial defects. When 
this technique is used, such defects appear as large pits 
on the surface of the sample when present. 

Agglomerated defects may also be detected using 
laser scattering techniques, such as laser scattering 
tomography, which typically have a lower defect density 
detection limit that other' etching techniques. 

Additionally, agglomerated intrinsic point defects 
may be visually detected by decorating these defects with 
a metal capable of diffusing into the single crystal 
silicon matrix upon the application of heat. 
Specifically, single crystal silicon samples, such as 
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wafers, slugs cr slabs, may be visuallv inspected * — r— . 
presence cf such defects bv first cca-i-q ~ c^-f a - = ~- 
the sample with a composition containing a metal cacable 
cf decorating these defects, such as a concentrated 
5 solution cf copper nitrate. The coated same is i = -n e - 
heated to a temperature between about SOO'C and about 
10C0°C for about 5 minutes to about 15 minutes in order 
to diffuse the metal into the sample. The heat treated 

sample is then cooled to room t<=rrn<=-= — , 

10 the metal tc become critically supersaturated and 

precipitate at sites within the sample matrix at which 
defects are present . 

After cooling, the sample is first subjected to a 
non-defect delineating etch, in order to remove surface 
residue and precipitants , by treating the sample with a 
bright etch solution for about 8 to about 12 minutes. A 
typical bright etch solution comprises about 55 percent 
nitric acid (70% solution by weight) , about 20 percent 
hydrofluoric acid (49% solution by weight) , and about 25 
percent hydrochloric acid (concentrated solution; . 

The sample is then rinsed with deionized water and 
subjected to a second etching step by immersing the 
sample in, cr treating it with, a Secoc cr Wright etch 
solution for about 35 to about 55 minutes. Typically, 
25 the sample will be etched using a Secco etch solution 
comprising about a 1:2 ratio of 0.15 M potassium 
dichromate and hydrofluoric acid (4S% solution bv 
weight). This etching step acts tc reveal, cr delineate, 
agglomerated defects which may be present. 
30 In general, regions of interstitial and vacancy 

dominated material free of agglomerated defects can be 
distinguished from each other and from material 
containing agglomerated defects by the ccccer ceccra'ic^ 
technique described above. Regions cf defect -free 
35 interstitial dominated material contain nc decorated 
features revealed by the ecchina whereas recion^ 
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defect-free vacancy dominated material (prior to a high- 
temperature oxygen nuclei dissolution treatment as 
described above} contain small etch pits due to copper 
decoration of the oxygen nuclei. 

Definitions 

As used herein, the following phrases or terms shall 
have the given meanings: "agglomerated intrinsic point 
defects" mean defects caused (i) by the reaction in which 
vacancies agglomerate to produce D-defects, flow pattern 
defects, gate oxide integrity defects, crystal originated 
particle defects, crystal originated light peine defects, 
and other such vacancy related defects, or (ii) by the 
reaction in which self -interst itials agglomerate to 
produce dislocation loops and networks, and other such 
self -interstitial related defects; "agglomerated 
interstitial defects" shall mean agglomerated intrinsic 
point defects caused by the reaction in which silicon 
self -interstitial atoms agglomerate; "agglomerated 
vacancy defects" shall mean agglomerated vacancy point 
defects caused by the reaction in which crystal lattice 
vacancies agglomerate; "radius" means the distance 
measured from a central axis to a circumferential edge of 
a wafer or ingot; "substantially free of agglomerated 
intrinsic point defects" shall mean a concentration of 
agglomerated defects which is less than the detection 
limit of these defects, which is currently about 10 3 
defects/cm 3 ; "V/I boundary 1 ' means the position along the 
radius of an ingot or wafer at which the material changes 
from vacancy dominated to self -interstitial dominated; 
and "vacancy dominated" and "self - interstitial dominated" 
mean material in which the intrinsic point defects are 
predominantly vacancies or self - interst it ials , 
respectively. 
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Examples 

As the following examples illustrate # the present 
invention affords a process for preparing a single 
crystal silicon ingot in which, as the ingot cools from 
the solidification temperature in accordance with the 
Czochraiski method, the agglomeration cf intrinsic point 
defects is prevented within an axially symmetric region 
of the constant diameter portion cf the ingct, from which 
wafers may be sliced. 



The following examples se 



rtn one set 



conditions that may be used to achieve the desired 
result. Alternative approaches exist for determining ar 
optimum pull rate profile for a Given crystal culler 
For example, rather than growing a series of ingots at 
various pull rates, a single crystal could be grown at 
pull rates which increase and decrease alone the lencth 
of the crystal; in this approach, agglomerated self - 
interstitial defects would be caused to appear and 
disappear multiple times during growth cf a single 
crystal. Optimal pull rates could then be determined for 
a number of different crvsta" 1 pes ; ^ or ^ * - - - 

the following examples should not be interpreted in a 
limitinc sense. 



Ex amp 1 



Optimization Procedure For A Crvstal 
Fuller Having A Pre-existing Hot Zone Design 

A first 2C0 mm single crystal silicon ingot was 
grown under conditions in which the pull rate was rarr.ee- 
linearly from about C.75 mm/ mm . to about C.3 5 mm/mm . 
over the length of the crystal. Fig. 7 shows the pull 
rate as a function cf crystal length. Takina ir.ee 



account the pre-established axial terr.cerature crcfiie of 
a growing 200 mm ingot in the crystal puller and the pre 
established radial variations in the average axial 
temperature gradient, G. , i.e., the axial temoera^u— 
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gradient at the melt/solid interface, these pull races 
were selected to insure that ingot would be vacancy 
dominated material from the center to the edge at one en 
of the ingot and interstitial dominated material from th 
center to the edge of the other end of the ingot. The 
grown ingot was sliced longitudinally and analyzed to 
determine where the formation of agglomerated 
interstitial defects begins. 

Fig. 8 is an image produced by a scan of the 
minority carrier lifetime of an axial cut of the ingot 
over a section ranging from about 635 mm to about 750 mm 
from the shoulder of the ingot following a series of 
oxygen precipitation heat -treatment s which reveal defec: 
distribution patterns. At a crystal position of about 
680 mm, a band of agglomerated interstitial defects 23 
can be seen. This position corresponds to a critical 
pull rate of v*(680 mm) = 0.33 mm/min. At this point, the 
width of the axially symmetric region 6 (a region which 
is interstitial dominated material but which lacks 
agglomerated interstitial defects) is at its maximum; the 
width of the vacancy dominated region 8, R,/(680) is about 
3 5 mm and the width of the axially symmetric region, 
11/(680) is about 65 mm. 

A series of four single crystal silicon ingots were 
then grown at steady state pull rates which were somewhat 
greater than and somewhat less than the pull rate at 
which the maximum width of the axially symmetric region 
of the first 200 mm ingot was obtained. Fig. 9 shows the 
pull rate as a function of crystal length for each of the 
four crystals, labeled, respectively, as 1-4. These four 
crystals were then analyzed to determine the axial 
position (and corresponding pull rate) at which 
agglomerated interstitial defects first appear or 
disappear. These four empirically determined points 
(marked •'*") are shown in Fig. 9. Interpolation between 
and extrapolation from these points yielded a curve, 
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labeled v*(Z) in Fig. S. This curve represents, tc a 
firs- approximation, the cull ra-~ f~- 2^' ~~ — 
a function of length in the crystal puller a: which the 
axiaiiy symmetric region is at its maximum widen. 
Growth of additions 1 r ^- v c? ^ ^ " 0 ~ ^ •„ 

and further analysis - _ , , _ 

^.^^_y^j.o o ^ i — _C3^ c~vs_a_s wouid rurtner 

refine the empirical definition c ~ v* ' '7'< 



Example 2 

Reduction of Radial Va-i-^— ^ r - N 
Figs. 10 and 11 illustrate the improvement in 
quality that can be achieved by reducticn cf th = racial 
variation in the axial temcerature a -=— 

melt/solid interface, G 0 ( r } . The initial concentration 
(about 1 cm from the melt/solid interlace: cf va~a-~i-= 
15 and interstitials are calculated for twe cases with 

different G 0 (r) : (1) G 3 (r) = 2.65 + 5x10^ (K/mm: and (2) 
G 0 (r) = 2.65 + 5xl0" s r 2 (K/mm). For each case the pull 
rate was adjusted such that the boundary between vacancy - 
rich silicon and interstitial-rich silicon is at a radius 
of 3 cm. The pull rate used for case 1 and 2 were 0.4 
and 0.35 mm/min, respectively. From Fig. n it is cle~r 
that the initial concentration of interstitials in the 
interstitial -rich portion of the crystal is dramatically 
reduced as the radial variation in the initial axial 
25 temperature gradient is reduced. This leads to an 
improvement in the quality of the material since it 
becomes easier to avoid the formation cf interstitial 
defect clusters due to supersaturat ion cf interstitials. 

Examcle 3 

30 Increased Out -di f fusion Time for Interstitials 

Figs. 12 and 13 illustrate the improvement in 
quality that can be achieved by increasing the time for 
out-diffusion cf interstitials. The concentration cf 
interstitials is calculated for twe cases with differinc 
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axial temperature profiles in the crystal, dT/dz. The 
axial temperature gradient at the melt/solid interface is 
the same for both cases, so that the initial 
concentration (about 1 cm from the melt/solid interface) 
of interstitials is the same for both cases. In this 
example, the pull rate was adjusted such that the entire 
crystal is interstitial -rich . The pull rate was the same 
for both cases, 0.32 mm/min. The longer time for 
interstitial out -diffusion in case 2 results in an 
overall reduction of the interstitial concentration. 
This leads to an improvement in the quaiicy of the 
material since it becomes easier to avoid the formation 
of interstitial defect clusters due to supersaturat ion of 
interstitials . 



Example 4 

A 700 mm long, 150 mm diameter crystal was grown 
with a varying pull rate. The pull rate varied nearly 
linearly from about 1.2 mm/min at the shoulder to about 
0.4 mm/min at 43 0 mm from the shoulder, and then nearlv 
linearly back to about 0.65 mm/min at 700 mm from the 
shoulder. Under these conditions in this particular 
crystal puller, the entire radius is grown under 
interstitial-rich conditions over the length of crystal 
ranging from about 32 0 mm to about 52 5 mm from the 
shoulder of the crystal. Referring to Fig. 14, at an 
axial position of about 525 mm and a pull rate of about 
0.47 mm/min, the crystal is free of agglomerated 
intrinsic point defects clusters across the entire 
diameter. Stated another way, there is one small section 
of the crystal in which the width of the axially 
symmetric region, i.e., the region which is substantially 
free of agglomerated defects, is equal to the radius of 
the ingot . 
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As described in Exarri ^ i = c^v--^-, _ ^ 

— ^./wa.uu^^. - / a series cz smc_Le 

crystal silicon ingots were grown a: varvina pull ra-es 
and then analyzed to determine the axial ccs^^- 
corresponding pull rate) a: which agglomerated 
interstitial defects first appeared cr disacceared. 
Interpolation between and extrapolation from these 
points, plotted on a graph of pull rate v. axial 
position, yielded a curve which represents, to a fir=- 
approximation, the cull rare fo- a 2 0~ mr = - = 

function of length in the crystal puller at which the 
axiaily symmetric region is at ics maximum widen. 
Additional crystals were then grown at ether pull rates 
and further analysis of these crystals was used to refine 
this empirically determined optimum pull rate profile. 

Using this data and following this optimum pull rats 
profile, a crystal of about 1C00 mm in length and abcu- 
200 mm in diameter was grown. Slices of the crown 
crystal, obtained from various axial position, were then 
analyzed using oxygen precipitation methods standard in 
the art in order to (i) determine if agglomerated 
interstitial defects were formed, and (ii) determine, as 
a function of the radius of the slice, the position of 
the V/I boundary. In this way the presence of an axiaily 
symmetric region was determined, as well as the width of' 
this region a function of crystal length or position. 

The results obtained for axial positions ranging 
from about 200 mm to about 950 mm from the shoulder of 
the ingot are present in the graph of Fig. 15. These 
results show that a pull rate profile mav be d-t— ir-o~ 
for the growth of a single crystal silicon ingot such 
that the constant diameter portion of the ir.ee: mav 
contain an axiaily symmetric region having a width, as 
measured from the circumferential edge radially toward 
the central axis of the ingot, which is at least about 
40% the length of the radius of the constant diarra 
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portion. In addition, these results show that this 
axially symmetric region may have a length, as measured 
along the central axis of the ingot, which is about 75% 
of the length of the constant diameter portion of the 
ingot . 



Example 6 

A single crystal silicon ingot have a length of 
about 1100 mm and a diameter of about 150 mm was grown 
with a decreasing pull rate. The pull rate at the 
shoulder of the constant diameter portion of the ingot 
was about 1 mm/rain.. The pull rate decreased 
exponentially to about 0.4 mm/min. , which corresponded to 
an axial position of about 200 mm from the shoulder. The 
pull rate then decreased linearly until a rate of about 
0.3 mm/min. was reached near the end of the constant 
diameter portion of the ingot. 

Under these process conditions in this particular 
hot zone configuration, the resulting ingot contains a 
region wherein the axially symmetric region has a width 
which about equal to the radius of the ingot. Referring 
now to Figs. 16a and 16b, which are images produced by a 
scan of the minority carrier lifetime of an axial cut of 
a portion of the ingot followinc a series of oxva»n 
precipitation heat treatments, consecutive segments of 
the ingot, ranging in axial position from about 10 0 mm to 
about 250 mm and about 250 mm to about 4 00 mm are 
present. It can be seen from these figures that a region 
exists within the ingot, ranging in axial position from 
about 170 mm to about 290 mm from the shoulder, which is 
free of agglomerated intrinsic point defects across the 
entire diameter. Stated another way, a region is oresen- 
within the ingot wherein the width of the axially 
symmetric region, i.e., the region which is substantially 
free of agglomerated interstitial defects, is about equal 
to the radius of the inaot . 
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In addition, in a region ranging fro- an axial ly 
position from about 12 5 mm to about 17C mm and frcrr. ahcu 
2 90 mm to greater than 4 00 mm there are axial Iv svrr.etr: 
regions of interstitial dominated material free of 
agglomerated intrinsic point defects surrounding a 
generally cylindrical core of vacancv dominated material 
which is also free of agglomerated intrinsic point 
defects . 

Finally, in a region ranginc from an axiallv 
position from about 100 mm to about 125 mm there is an 
axiiaily symmetric region of interstitial dominated 
material free of agglomerated defects surrounding a 
generally cylindrical core of vacancy dominated material. 
Within the vacancy dominated material, there is an 
axiaily symmetric region which is free of agglomerated 
defects surrounding a core containing agglomerated 
vacancy defects. 



Example 7 

Cooling Rate and Position of V/I Boundary 
A series of single crystal silicon ingots (150 mm 
and 200 mm nominal diameter^ w^^-c» cr ^-— - 
with the Czcchralski method using different hot zone 
configurations, designed by means common in the art, 
which affected the residence time of the silicon at 
temperatures in excess of about 1050°C. The Dull rate 
profile for each ingot was varied along the length of the 
ingot in an attempt to create a transition from a region 
of agglomerated vacancy point defects to a region of 
agglomerated interstitial point defects. 

Once grown, the ingots were cut longitudinally alone 
the central axis running parallel to the direction of 
growth, and then further divided into sections which were 
each about 2 mm in thickness . Usinc the coooer 
decoration technique previously described, one set of 
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such longitudinal sections was then heated and 
intentionally contaminated with copper, the heating 
conditions being appropriate for the dissolution of a 
high concentration of copper interst itials . Following 
5 this heat treatment, the samples were then rapidly 

cooled, during which time the copper impurities either 
outdiffused or precipitated at sites where oxide clusters 
or agglomerated interstitial defects where present. 
After a standard defect delineating etch, the samples 

10 were visually inspected for the presence of precipitated 
impurities; those regions which were free of such 
precipitated impurities corresponded to regions which 
were free of agglomerated interstitial defects. 

Another set of the longitudinal sections was 

15 subjected to a series of oxygen precipitation heat 

treatments in order to cause the nucleation and growth of 
new oxide clusters prior to carrier lifetime mapping. 
Contrast bands in lifetime mapping were utilized in order 
to determine and measure the shape of the instantaneous 

20 melt/solid interface at various axial positions in each 
ingot. Information on the shape of the melt/solid 
interface was then used, as discussed further below, to 
estimate the absolute value of, and the radial variation 
in, the average axial temperature gradient, G 0 . This 

25 information was also used, in conjunction with the pull 
rate, to estimate the radial variation in v/G 0 . 

To more closely examine the effect growth conditions 
have on the resulting quality of a single crystal silicon 
ingot, several assumptions were made which, based on 

30 experimental evidence available to-date, are believed to 
be justified. First, in order to simplify the treatment 
of thermal history in terms of the time taken to cool to 
a temperature at which the agglomeration of interstitial 
defects occurs, it was assumed that about 1050°C is a 

3 5 reasonable approximation for the temperature at which the 
agglomeration of silicon self -interstitials occurs. This 
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temperature appears to coincide with changes in 
agglomerated interstitial defect density observed dur^c 
experiments in which different cooling rates were 
employed. Although, as noted above, whether 
agglomeration occurs is also a factor of the 
concentration of interst i t ials , it is believed that 
agglomeration will not occur at temperatures above about 
1050°C because, given the range of interstitial 
concentrations typical for Czochralski - type growth 
processes, it is reasonable to assume that the system 
will not become critically supersaturated with 
interstitiais above this temperature. Stated another 
way, for concentrations of interstitiais which are 
typical for Czochralski - type growth processes, it is 
reasonable to assume that the system will net become 
critically supersaturated, and therefore an agglomeration 
event will not occur, above a temperature of about 
1050°C. 

The second assumption that was made to parameterize 
the effect of growth conditions on the quality of single 
crystal silicon is that the temperature dependence of 
silicon self - interst itial dif f usivitv is negligible. 
Stated another way, it is assumed that self - inters t it ials 
diffuse at the same rate at all temperatures between 
about 1400°C and about 1050°C. Understar ding that about 
1050°C is considered a reasonable approximation for the 
temperature of agglomeration, the essential point of this 
assumption is that the details of the cooling curve from 
the melting point dees not matter. The diffusion 
distance depends only on the total time spent cooling 
from the melting point to about 105C°C. 

Using the axial temperature profile data for each 
'* c - — iS Gesign ar.a tr.e actual pull rate profile for a 
particular ingot , the total cooling time from about 
1400°C to about 1050°C may be calculated. It should be 
noted that the rate at which the temperature changes for 
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each of the hot zones was reasonably uniform. This 
uniformity means that any error in the selection of a 
temperature of nucleation for agglomerated interstitial 
defects, i.e. about 1050°C / will arguably lead only to 
scaled errors in the calculated cooling time. 

In order to determine the radial extent of the 
vacancy dominated region of the ingot (Rv acaro ,) , or 
alternatively the width of the axially symmetric region, 
it was further assumed that the radius of the vacancy 
dominated core, as determined by the lifetime map, is 
equivalent to the point at solidification where v/G 0 =v/G 2 
critical. Stated another way, the width of the axially 
symmetric region was generally assumed to be based on the 
position of the V/I boundary after cooling to room 
temperature. This is pointed out because, as mentioned 
above, as the ingot cools recombination of vacancies and 
silicon self -interstitials may occur. When recombination 
does occur, the actual position of the V/I boundary 
shifts inwardly toward the central axis of the ingot. It 
is this final position which is being referred to here. 

To simplify the calculation of G 0 , the average axial 
temperature gradient in the crystal at the time of 
solidification, the melt/solid interface shape was 
assumed to be the melting point isotherm. The crystal 
surface temperatures were calculated using finite element 
modeling (FEA) techniques and the details of the hot zone 
design. The entire temperature field within the crystal, 
and therefore G 0 , was deduced by solving Laplace's 
equation with the proper boundary conditions, namely, the 
melting point along the melt/solid interface and the FEA 
results for the surface temperature along the axis of the 
crystal. The results obtained at various axial positions 
from one of the ingots prepared and evaluated are 
presented in Fig. 17. 

To estimate the effect that radial variations in G, 
have on the initial interstitial concentration, a radial 
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position R', that: is, a position halfway between the V/I 
boundary and the crystal surface, was assumed to be the 
furthest point a silicon self -interstitial can be from a 
sink in the ingot, whether that sink be in the vacancv 
dominated region or on the crystal surface. Ey using the 
growth rate and the G c data for the above ingot, the 
difference between the calculated v/G c at the position R ' 
and v/G G at the V/I boundary (i.e., the critical v/G- 
vaiue) provides an indication of the radial variation in 
the initial interstitial concentration, as well as the 
effect this has on the ability for excess interstitia' s 
to reach a sink on the crystal surface cr in the vacancv 
dominated region . 

, ^ a_ ^-^^cl s-_, i^ appears tnere is nc 

15 systematic dependence of the quality of the crystal on 

the radial variation in v/G 0 . As can be seen in Fig. is, 
the axial dependence in the ingot is minimal in this 
sample. The growth conditions involved in this series of 
experiments represent a fairly narrow range in the radial 
20 variation of G 3 . As a result, this data set is too narrow 
to resolve a discernable dependence of the quality (i.e., 
the presence of absence of a band cf agglomerated 
intrinsic point defects) on the radial variation of G. . 

As noted, samples of each ingot prepared were 
evaluated at various axial positions for the oresent or 
absence of agglomerated interstitial defects. For each 
axial position examined, a correlation may be made 
between the quality of the sample and the width cf the 
axially symmetric region. Referring now to Fig. IS, a 
graph may be prepared which compares the quality cf the 
given sample to the time the sample, at that particular 
axial position, was allowed to cool from solidification 
to about 1050 C C. As expected, this graph shews the width 
of the axially symmetric region (i.e., R„, 3ta * - has 
35 a strong dependence on the coding history cf the sar.pie 
within this particular temperature ranee. In crder cf the 
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width of the axially symmetric region to increase, the 
trend suggests that longer diffusion times, or slower 
cooling rates, are needed. 

Based on the data present in this graph, a best fit 
line may be calculated which generally represents a 
transition in the quality of the silicon from "good" 
(i.e., defect-free) to "bad" (i.e., containing defects) , 
as a function of the cooling time allowed for a given 
ingot diameter within this particular temperature range. 
This general relationship between the width of the 
axially symmetric region and the cooling rate may be 
expressed in terms of the following equation: 

(^■crystal " ^transition ) = ^eff*^1050°C 

wherein 

-^crystal 

is the radius of the ingot, 
transition ^ s the radius of the axially symmetric 
region at an axial position in the sample were a 
transition occurs in the interstitial dominated 
material from being defect -free to containing 
20 defects, or vice versa, 

D eff is a constant, about 9.3*10" 4 cm^ec' 1 , which 
represents the average time and temperature of 
interstitial diffusivity, and 

t-ioso^c i s the time required for the given axial 
25 position of the sample to cool from solidification 

to about 1050°C. 

Referring again to Fig. 19, it can be seen that, for 
a given ingot diameter, a cooling time may be estimated 
in order to obtain an axially symmetric region of a 

3 0 desired diameter. For example, for an ingot having a 
diameter of about 150 mm, an axially symmetric region 
having a width about equal to the radius of the ingot may 
be obtained if, between the temperature range of about 
1410°C and about 1050°C / this particular portion of the 

35 ingot is allowed to cool for about 10 to about 15 hours. 
Similarly, for an ingcc having a diameter of about 200 
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mm, an axial ly symmetric region having a widen about 
equal to the radius of the ingot may be obtained if 
between this temperature range this particular portion o 
the ingot is allowed to cool for about 25 to about 3 5 
hours. If this line is further extrapolated, cooling 
times of about 65 to about 75 hours may be needed in 
order to obtain an axiaily symmetric region having a 
width about equal to the radius of an ingot having a 
diameter of about 3 00 mm. It is to be noted in this 
regard that, as the diameter of t^e ire— - - ~-^c^~ 
additional cooling time is required due to the increase 
in distance that interst itials must diffuse in order tc 
reach sinks at the ingot surface or the vacancy core. 

Referring now to Figs. 20, 21, 22 and 23, the 
effects of increased cooling time for various ingots may 
be observed. Each of these figures depicts a portion of 
a ingot having a nominal diameter of 2 00 mm, with the 
cooling time from the temperature of solidification to 
1050 °C progressively increasing from Fig. 20 to Fig. 23. 

Referring to Fig. 20, a portion of an ingot, ranging 
in axial position from about 235 mm to about 350 mm from 
the shoulder, is shown. At an axial position of about 
255 mm, the width of the axiaily symmetric region free of 
agglomerated interstitial defects is at a maximum, which 
is about 45% of the radius of the ingot. Eeyond this 
position, a transition occurs from a region which is free 
of such defects, to a region in which such defects are 
present . 

Referring now to Fig. 21, a portion of an ingot, 
ranging in axial position from about 3 05 mm to about 460 
mm from the shoulder, is shewn. At an axial position of 
about 360 mm, the width of the axiaily symmetric region 
free of agglomerated interstitial defects is at a 
maximum, which is about 65% of the radius of the inaot . 
Beyond this position, defect formation begins. 
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Referring now to Fig. 22, a portion of an ingot, 
ranging in axial position from about 140 mm to about 2 75 
mm from the shoulder, is shown. At an axial position of 
about 210 mm, the width of the axially symmetric region 
5 is about equal to the radius of the ingot; that is, a 

small portion of the ingot within this range is free of 
agglomerated intrinsic point defects. 

Referring now to Fig. 23, a portion of an ingot, 
ranging in axial position from about 60 0 mm to about; 73 0 
10 mm from the shoulder, is shown. Over an axial position 
ranging from about 64 0 mm to about 665 mm, the width of 
the axially symmetric region is about equal to the radius 
of the ingot. In addition, the length of the ingot 
segment in which the width of the axially symmetric 
15 region is about equal to the radius of the ingot is 
greater than what is observed in connection with the 
ingot of Fig. 22. 

When viewed in combination, therefore, Figs. 20, 21, 
22, and 23 demonstrate the effect of cooling time to 
1050 °C upon the width and the length of the defect-free, 
axially symmetric region. In general, the regions 
containing agglomerated interstitial defects occurred as 
a result of a continued decrease of the crystal pull rate 
leading to an initial interstitial concentration which 
25 was too large to reduce for the cooling time of that 

portion of the crystal. A greater length of the axially 
symmetric region means a larger range of pull rates 
(i.e., initial interstitial concentration) are available 
for the growth of such defect-free material. Increasing 
30 the cooling time allows for initially higher 

concentration of interstitials , as sufficient time for 
radial diffusion may be achieved to suppress the 
concentration below the critical concentration required 
for agglomeration of interstitial defects. Stated in 
35 other words, for longer cooling times, somewhat lower 

pull rates (and, therefore, higher initial interstitial 
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concentrations) will still lead to maximum axiaily 
symmetric region 6. Therefore, longer ceding times lea 
to an increase in the allowable pull rate variation abcu 
the condition required for maximum axiallv srametri^ 
region diameter and ease the restrictions on process 
control. As a result, the process for an axiallv 
symmetric region ever large lengths of the ingot becomes 
easier . 

Referring again to Fig. 23, over an axial ccsitior. 
ranging from about 665 mm to greater than 73 C mm from th 
shoulder of crystal, a region of vacancy dominated 
material free of agglomerated defects is ores em in whic 
the width of the region is equal to the radius cf the 
ingot . 

As can be seen from the above data, bv means of 
controlling the cooling rate, the concentration of self - 
interstit ials may be suppressed by allowing more time for 
interstitials to diffuse to regions where they may be 
annihilated. As a result, the formation of agglomerated 
interstitial defects is prevented within significant 
portion of the single crystal silicon ingot. 

In view cf the above, it will be seen that the 
several objects of the invention are achieved. 

As various changes could be made in the above 
compositions and processes without departing from the 
scope of the invention, it is intended that ail matter 
contained in the above description be interpreted as 
illustrative and not in a limiting sense. 
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What is rlaimed is: 

1. A single crystal silicon wafer having a central 
axis, a_ front side and a back side which are generally 
perpendicular to the central axis, a circumferential 
edge, and a radius extending from the central axis to the 
circumferential edge of the wafer, the wafer comprising 

a first axially symmetric region in which vacancies 
are the predominant intrinsic point defect and which is 
substantially free of agglomerated vacancy intrinsic 
point defects wherein the first axially symmetric ~cfior 
comprises the central axis or has a width of at lezsl 
about 15 mm. 

2. The wafer of claim 1 wherein the wafer comprises 
a second axially symmetric region in which silicon self- 
interstitial atoms are the predominant intrinsic point 
defect and which is substantially free of agglomerated 
silicon self -interstitial intrinsic point defects. 

3. The wafer of claim 1 wherein the width of the 

s ^""" =l - nc region is at least about 15% of 

the radius . 

4. The wafer of claim 3 wherein the wafer ccmurise<= 
a second axially symmetric region in which silicon self- 
interstitial atoms are the predominant intrinsic point 
defect and which is substantially free of agglomerated 
silicon self -interstitial intrinsic point defects. 

5. The wafer of claim 1 wherein the width of the 
first axially symmetric region is at least about 25% of 
the radius . 

6. The wafer of claim 5 wherein the wafer comprises 
a second axially symmetric region in which silicon self- 
interstitial atoms are the predominant intrinsic pc^t 
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defect and which is substantially free cf agglomerated 
silicon self -interstitial intrinsic point defects. 

7. The wafer cf claim 1 wherein the width cf the 
first axially symmetric region is at least about 50% of 
the radius . 

8. The wafer of ciairr. 7 wherein the wafer comprise 
a second axially symmetric region in which siliccn self- 
interstitial atoms are the predcmina-- 1-,----=,-- „ 
defect and which is substantially free of agglomerated 
silicon self -interstitial intrinsic point defects. 

9. The wafer cf claim I wherein th- = - £x ---,. 
symmetric region comprises the central axis. 

10. The wafer of claim 9 wherein the wafer 
comprises a second axially symmetric region in which 
silicon self-interstitial atoms are the predominant 
intrinsic point defect and which is substantially free of 
agglomerated silicon self -interstitial intrinsic point 
defects . 

11. The wafer of claim 1 wherein the wafer has as 
oxygen content which is less than about 13 PPMA. 

12. The wafer of claim 1 wherein the wafer has as 
oxygen content which is less than about 11 PPMA. 

13. The wafer cf claim 1 wherein the wafer has an 
absence cf oxygen precipitate nucleation centers. 

14. A single crystal silicon ingct having a central 
axis, a seed-cone, an end-cone, and a constant diameter 
portion between the seed-cone and the end-cone havinc a 
circumferential edge and a radius extending from the" 
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5 central axis to the circumferential edge, the single 

crystal silicon ingot being characterized in that after 
the ingot is grown and cooled from the solidification 
temperature, the constant diameter portion contains a 
first axially symmetric region in which vacancies are the 

10 predominant intrinsic point defect and which is 

substantially free of agglomerated intrinsic pcint 
defects wherein the first axially symmetric region 
comprises the central axis or has a width of at least 
about 15 mm and has a length as measured along the 

15 central axis of at least about 20% of the length of the 
constant diameter portion of the ingot. 

15. The single crystal silicon ingot of claim 14 
wherein the ingot comprises a second axially symmetric 
region which is concentric with said first axially 
symmetric region, the second axially symmetric region 

5 containing self - interstitial atoms as the predominant 
intrinsic point defect and being substantially free of 
agglomerated silicon self - interstitial intrinsic point 
defects . 

16. The single crystal silicon ingot: of claim 14 
wherein the length of the axially symmetric region is at 
least 40% the length of the constant diameter portion of 
the ingot . 

17. The single crystal silicon ingot of claim 16 
wherein the ingot comprises a second axially symmetric 
region which is concentric with said first axially 
symmetric region, the second axially symmetric region 

5 containing self - interstitial atoms as the predominant 
intrinsic point defect and being substantially free of 
agglomerated silicon self -interstitial intrinsic point 
defects . 
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18. The single crystal silicon ingoc cf 

wherein the width of t^e f ^ v-e- av-: i 

r„s_ ax_a-.lv symmetric recic^ 

is at least about 15% cf the radius. 

IS. The single crystal silicon - ac ^ ~* i- 

wherein the width of the fi-q- ny^n,, 

^ ax.ally s^metric recion 

is at least about 25% of the radius. 

20. The single crystal <=-" " * , ~ - 
wherein the length of the first axialiy'svmmetric Tea "o- 
is at least 60% the length cf the constant diameter " 
portion cf the ingot. 

21. A process for growing a single crystal siliccr 
ingot in which the ingot comprises a central axis, a 
seed-cone, an end-cone and a constant diameter oortion 
between the seed- cone and the end- cone having a' 
circumferential edge and a radius extending from the 
central axis to the circumferential edge, the incot beino 
grown from a silicon melt and then cooled from the 
solidification temperature in accordance with the 
Czochralski method, the process comprising 

controlling a growth velocity, v, and an average 
axial temperature gradient, G 3 , during the growth cf the 
constant diameter portion of the crystal over the 
temperature range from solidification to a temperature o- 
no less than about 1325 °C, to cause the formation of a 
first axially symmetrical segment in which vacancies, 
upon cooling of the ingot from the solidification 
temperature, are the predominant intrinsic Doi- 

and which is substantial! v fr~<- c^ acc^ oinov-**-^ 

* agglomerated intrinsic 

point defects wherein the f :r r ?Yi .i lv _ 

— ~ ^ ~ axially symmetric region 

has a width of at ~e^s- a^r^-- i - - , _ 

- - a^cu^ i- mm or contains the 

central axis. 
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22. The process of claim 21 wherein the first 
axially symmetric region has a length which is at least 
4 0% the length of the constant diameter portion of the 
ingot . 

23. The process as set forth in claim 22 wherein 
the length of the first axially symmetric region is at 
least 60% the length of the constant diameter portion of 
the ingot . 

24. The process as set forth in claim 21 wherein 
the first axially symmetric region has a width which is 
at least about 60% the length of the radius of the 
constant diameter portion of the ingot . 
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